A screen for the systematic identification of cis-regulatory DNA within large (>100kb) genomic domains was performed using the simple chordate Ciona intestinalis. Randomly generated 3kb DNA fragments from Bacterial Artificial Chromosomes containing 2 groups of Hox genes were inserted into a vector upstream of a minimal promoter and lacZ reporter gene. 221 resultant fusion genes were separately electroporated into fertilized eggs and their regulatory activities were monitored in larvae. At least 21 separable cis-regulatory modules were found, including 8 new Hox enhancers that direct localized patterns of CiHox2, CiHox3, CiHox4, CiHox5, CiHox12 and CiHox13.
Currently, many protein coding regions can be assigned a potential function based on simple sequence inspection. This is due to both the large number of proteins that have been experimentally characterized and the evolutionary conservation of the motifs essential to their functions. In contrast, it is not yet possible to infer gene expression patterns based on sequence analysis, nor is it known whether coordinately regulated genes share a common "language" or employ any type of defined cis-regulatory code.
Since a large percentage of eukaryotic genomic DNA is utilized to mediate gene regulation, unlocking such a code, if it exists, represents one of the greatest challenges in revealing the function of complex genomes. In humans, only 3% of the genome corresponds to protein coding sequences (1, 2). There may be upwards of 1000 MB of cis-regulatory DNA (3, 4, 5). Despite this, fewer than 100 cis-regulatory DNAs have been characterized in the context of transgenic metazoans (6). This is primarily due to the difficulties and complexities involved in current methods (transgenic flies, mice, worms, etc). Until a larger data set of cis-regulatory DNA sequences can be produced, there is little hope of bringing the tools of bioinfomatics to bear on cracking the cis-regulatory code.
Here we assess the feasibility of conducting large scale searches for cis-regulatory DNA using a high-throughput screening method. This method is made possible through Keys, Lee et al. 2 several experimental advantages afforded by Ciona intestinalis, a protochordate. The first such advantage is that plasmids containing coding regions linked to native or heterologous cis-regulatory DNAs are accurately transcribed, both spatially and temporally, when transformed into C. intestinalis embryos. There is no need for germline transformation since transgenes must persist for fewer than 20 hours and less than 12 rounds of cleavage before embryos develop into swimming tadpole larvae containing phylotypic chordate tissues. The second major advantage of working with C. intestinalis is that it is possible to simultaneously transform hundreds of embryos with recombinant plasmid DNA using simple electroporation techniques (7, 8). Thus, it is practical to systematically screen large numbers of DNA fragments for cis-regulatory activity without the logistical difficulties of maintaining large populations of transgenic strains. The primary goals of the experiments described in this report are to identify cis-regulatory modules in the C. intestinalis Hox cluster, determine whether they are genuine enhancers and to assess the possibility of extending this high-throughput methodology to large scale screens.
In this study, we chose to screen DNA isolated from the C. intestinalis Hox complex. There are three reasons for targeting Hox cis-regulatory DNAs. First, the strong conservation of the homeobox DNA-binding motifs allows the unambiguous identification of Hox genes. Second, Hox genes have been cloned in a broad spectrum of phyla and with few exceptions are found to be linked in single complexes with few or no intervening non-Hox genes. Third, and most importantly, the expression patterns of C.
intestinalis Hox genes were either known, CiHox3 (9) and CiHox5 (10), or could be
predicted based on studies in related organisms. Thus, it was considered likely that bona fide enhancers could be easily recognized.
Two BACs containing CiHox genes were isolated. The BACs, designated MRD and MRE, were found to contain 5 putative CiHox genes and a minimum of 10 additional genes. (Fig. 1A) . The BAC designated MRD contains putative CiHox2, CiHox3 and CiHox4. These share the same orientation and appear to have no intervening genes. The MRE BAC contains CiHox12 and CiHox13 aligned in a divergent orientation with no intervening gene. Regions containing the predicted CiHox4, CiHox12 and CiHox13 genes matched homeodomain containing DNAs previously isolated from a C. intestinalis genomic library (11) and the entire sequence of previously isolated CiHox3 cDNA (9) was present. Although the BAC sequences do not overlap, examination of their chromosomal positions by FISH analysis shows that these two DNAs come from neighboring regions on a single chromosome ( have occurred within the urochordates. In this context, it will be interesting to see how the structure of the C. intestinalis Hox complex compares with those from other .
A library of random ~3kb genomic DNA fragments from MRD and MRE was created in a plasmid containing a lacZ reporter gene under the control of a minimal C.intestinalis forkhead (fkh) basal promoter (12, 13) . Recombinant plasmids were separately electroporated into developing embryos and tested for localized patterns of LacZ activity. Because the fkh basal promoter is insufficient to induce expression, LacZ activity is indicative of cis-regulatory activity from the insert DNA.
Using this strategy, the two BACs that contained CiHox genes were systematically tested for cis-regulatory activity in C. intestinalis embryos (Fig. 1A) . 221 subclones were individually electroporated into C. intestinalis embryos. 29 of these plasmids exhibited specific LacZ staining patterns in tadpole-stage embryos (Fig 1A) .
Many of these positives come from overlapping regions of the genome and give identical expression patterns, suggesting that they share a common cis-regulatory activity. Taking these into account, it appears that 21 independent cis-regulatory DNAs were identified.
Careful inspection of overlaps between fragments with and without cis-regulatory activity reveals several DNA fragments that would have been expected to give LacZ activity but did not. It is not currently known whether these negatives are due to biologically relevant differences in the fragments or are experimental artifacts. This indicates that, while it is clearly capable of discovering DNAs with cis-regulatory activity, this screening method will not elucidate all such modules. As was to be expected based on the presence of non- The endogenous expression patterns of CiHox3, CiHox4, CiHox5 and CiHox12 have been characterized by in situ hybridization, CiHox4 and CiHox12 as part of this study, CiHox3 and CiHox5 previously (9, 10). It would appear that authentic enhancers have been identified for three of these 4 genes, CiHox4, CiHox5, and CiHox12. At 18 hours post-fertilization, CiHox4 is expressed in the trunk lateral cells (Fig. 3A,B ). These Keys, Lee et al. 6
clusters of mesoderm cells flank the junction between the posterior cerebral vesicle and the anterior neural tube and give rise to multiple adult tissues including blood (14) . At least one other Hox gene, CiHox5, is also known to be expressed in these cells (10) . The xni178 DNA, which is located 3' of the CiHox4 transcription unit, activates lacZ transcription in the same domain ( Fig. 2; 3C, D) , suggesting that the enhancer for this gene has been identified.
CiHox5 is expressed in the lateral cells of the nerve cord (10) . The expression pattern extends from the boundary between the trunk and tail through the anterior fourth of the tail. Although not part of the random screen of the two BACs, a DNA fragment from the 5' of the CiHox5 transcription unit, xow730, was found to activate the same pattern of expression (Fig. 2) , indicating that it includes the authentic enhancer for
CiHox5.
In early tailbud embryos, CiHox12 is expressed in two different domains in the posterior tail, the epidermis and the neural tube (Fig. 3E, F, G) , with the CNS expression pattern extending further to the anterior than the epidermal pattern. As with CiHox5 (10), the CNS expression of CiHox12 is restricted to the lateral cells (Fig. 3G) . The CiHox12 locus is flanked by two cis-regulatory DNAs. The first of these, xne165, activates lacZ expression in the epidermis of the posterior third of the tail, while the second, xne345, drives expression in the posterior half of the neural tube ( Fig. 2; 3H, I ). Thus the composite CiHox12 expression pattern appears to be accounted for by two separate enhancers.
CiHox3 has been show to be expressed in hatched tadpoles in the visceral ganglion (CNS at the trunk/tail junction) (9) . The present survey identified 4 DNA Keys, Lee et al. 7 fragments flanking the CiHox3 locus that exhibit cis-regulatory activity. However, none of these directed expression in the CNS. Specifically, the overlapping DNAs xni337 and xni213 both produce expression in the tail muscles, and probably represent a single module (Fig.2) . The overlapping xni291 and xni012 DNAs direct expression in the tail muscles and epidermis, respectively (Fig.2) . While there is no a priori reason to believe the muscle expression represents authentic Hox enhancer activity, the epidermal expression driven by xni012 exhibits restricted expression along the anterior-posterior axis, which is typical of arthropod Hox genes. DNA fragments that overlap xni291 and xni012 were previously shown to direct expression in the visceral ganglion, which is an authentic site of CiHox3 expression (9) . There are several potential explanations for the distinct expression patterns observed for xni291 and xni012. First, the heterologous Cifkh promoter that was used in this screen might fail to mediate authentic patterns of expression in response to certain enhancers. Second, the muscles might represent a hotspot for spurious expression using these methods. Previous work has identified the CNS cells ventral to the otolith and ocellar cells (pigment sensory organs) as such a hotspot (Harafuji, et al. submitted). A third possibility is that the muscle enhancers are authentic and regulate some of the neighboring non-Hox genes, such as Nebulin, whose vertebrate orthologs are known to express in muscle (15) . Under this model, these muscle enhancers would normally be prevented from activating the Hox genes by repressor elements located elsewhere. In this regard, we note that no muscle enhancers were obtained with DNA fragments from the MRE BAC.
Keys, Lee et al. 8
There is currently no in situ localization data for CiHox2 or CiHox13, so it is not certain whether the remaining fragments containing cis-regulatory activity direct authentic components of their endogenous expression patterns.
In total, 8 of the putative enhancers identified in this screen direct sequential patterns of expression along the anterior-posterior axis of the CNS and epidermis and appear to be authentic Hox enhancers (Fig. 4) . The sequential patterns of expression in the nerve cord are similar to those observed in other chordates. In contrast, co-linear expression in the epidermis has not been observed in other members of this phyla.
Drosophila embryos exhibit localized expression in the epidermis, however these patterns are not directed by dedicated enhancers, but are produced by "stripe" enhancers that regulate expression in both the epidermis and CNS. Thus, the regulation of C.
intestinalis Hox genes in the epidermis might represent a specific adaptation of urochordates that is not generally seen in metazoans. Alternatively, Hox expression in both the epidermis and CNS could be the basal state, and the vertebrate and arthropod lineages have retained different aspects of this activity since their divergence.
In addition to identifying previously undescribed Hox enhancers, this study demonstrates the feasibility of systematic screens for tissue-specific enhancers in C.
intestinalis. Given the estimated size of the C. intestinalis genome (150-160 megabases, (16, Rokhsar, et al. unpublished) , the identification of as many as 21 cis-regulatory modules in an interval of 368kb (~1 per 20kb) suggests that there may be as many as 8000 such modules which could be found using this method. The identification of even a small percentage of these will provide a rich data pool for detailed characterization of cis- The BACs were sequenced and assembled using the hierarchical shotgun sequencing strategy (18, 19, 20) with ABI3700 DNA DNA sequencers. Gene models were predicted using Genscan (21) and by Blast alignments to known genes (22) . The BACs contain the indicated CiHox genes, but do not overlap. For each BAC, a plasmid library was built such that random ~3kb inserts were placed 5' of a basal promoter driving the lacZ marker gene (13) . 221 clones were picked and their positions on the BACs were identified (orientations of the inserts relative to the basal promoter in the vectors are indicated by dots). Plasmids were individually electroporated into single cell C. intestinalis embryos (24) . 29 of the clones, shown in red, were found to direct distinct, repeatable expression of the lacZ reporter gene. 
